Haploinsufficiency for GATA2 causes human immunodeficiency syndromes characterized by mycobacterial infection, myelodysplasia, lymphedema, or aplastic anemia that progress to myeloid leukemia. GATA2 encodes a master regulator of hematopoiesis that is also linked to endothelial biology. Though the disease-causing mutations commonly occur in the GATA-2 DNA binding domain, we identified a patient with mycobacterial infection and myelodysplasia who had an uncharacterized heterozygous deletion in a GATA2cis-element consisting of an E-box and a GATA motif. Targeted deletion of the equivalent murine element to yield homozygous mutant mice revealed embryonic lethality later than occurred with global Gata2 knockout, hematopoietic stem/progenitor cell depletion, and impaired vascular integrity. Heterozygous mutant mice were viable, but embryos exhibited deficits in definitive, but not primitive, hematopoietic stem/progenitor activity and reduced expression of Gata2 and its target genes. Mechanistic analysis revealed disruption of the endothelial cell transcriptome and loss of vascular integrity. Thus, the composite element disrupted in a human immunodeficiency is essential for establishment of the murine hematopoietic stem/progenitor cell compartment in the fetal liver and for essential vascular processes.
Introduction
The discovery of MyoD as a master regulator of muscle development (1) ushered in intense efforts to identify similar proteins that function in distinct developmental contexts. Master regulators can resemble MyoD in being committed to a specific developmental process or can exert broader activities to control the development/ function of multiple cell lineages. GATA-2, which exemplifies the latter group, mediates the genesis and function of hematopoietic stem/progenitor cells (HSPCs) and therefore all blood cell lineages (2, 3) , but also functions cell autonomously to control neurogenesis (4-6) and adipogenesis (7, 8) . In endothelial cells (9, 10) , GATA-2 mediates mechanosignaling-dependent angiogenesis (11) .
Dysregulated GATA-2 activity underlies human hematologic and vascular pathologies (12) . Both heterozygous missense mutations and intragenic deletions in GATA2 cause the monocytopenia and mycobacterial infection syndrome (MonoMAC) or dendritic, monocyte, B, and NK lymphoid deficiency, characterized by susceptibility to mycobacterial, fungal, and viral infections as well as human papillomavirus-associated cancers (13, 14) . Patients with MonoMAC syndrome exhibit increased susceptibility to infection and often develop myelodysplasia and acute myeloid leukemia (AML) (15) . Human genetic analyses indicate that GATA2 is a myelodysplastic syndrome and AML predisposition gene (16) .
GATA2 haploinsufficiency causes Emberger syndrome, which involves lymphedema and predisposition to myelodysplasia and AML (17) . GATA2 overexpression in AML patients predicts significantly reduced survival (18) . Finally, somatic GATA2 mutations occur in chronic myelogenous leukemia (19, 20) , and GATA2 polymorphisms correlate with early-onset coronary artery disease (21) .
It is instructive to consider how the precise expression patterns of master regulators that control multiple developmental programs are established and maintained in stem and progenitor cells. As decreased GATA2 expression causes hematologic disorders and increased GATA2 expression correlates with disease severity, elucidating the mechanisms underlying the control of GATA2 expression/activity is of high significance. Though GATA-2 regulates developmental fate in diverse contexts and, as noted above, is linked to human pathologies, mechanisms that establish and maintain its contextually distinct expression patterns are largely unknown. Bone morphogenetic protein-4 signaling induces GATA-2 expression early in hematopoiesis (22) (23) (24) . GATA-2 occupies dispersed sites at GATA2 (Figure 1 ), suggesting potential positive autoregulation (25) (26) (27) , although it is not possible to infer precise functional consequences from ChIP data. As GATA-1 levels rise during erythropoiesis, GATA-1 displaces GATA-2 from Gata2, instigating repression (28) . "GATA switches" occur at 5 Gata2 sites (-77, -3.9, -2.8, -1.8, and +9.5 kb) (26) . In principle, the individual sites may confer qualitatively distinct expression patterns or may function similarly to maximize transcription in all contexts.
Studies in mouse strains lacking the endogenous -2.8 kb GATA motif cluster (29) or the -1.8 kb GATA palindromic motif (30) revealed that neither is essential for Gata2 expression in HSPCs, although both contribute to maximal Gata2 expression. The -1.8 kb site has a qualitatively unique activity: maintaining Gata2 repression in late-stage erythroblasts. Presumably, another cis-element is essential for conferring Gata2 expression in HSPCs, or multiple ciselements function additively to maximize expression, analogous to sites conferring β-globin expression (31) . Despite the cis-elementknockout strains described above, and additional transgenesis efforts in mouse and zebrafish (32, 33) , mechanisms underlying endogenous GATA-2 expression in vivo have remained elusive.
To investigate whether different GATA switch sites exert qualitatively or quantitatively distinct activities, we analyzed the function of a conserved composite element, consisting of an E-box, a spacer, and a GATA motif (CATCTGCAGCCGGTAGATAA), at the +9.5 kb site, which is occupied by GATA-2 and Scl/TAL1, also a master regulator of hematopoiesis and implicated in leukemogenesis (34) (35) (36) (37) . Such composite elements nucleate complexes containing GATA-1 or GATA-2 and Scl/TAL1 (38) (39) (40) , although many questions remain regarding how these elements function at endogenous sites. Strikingly, we discovered a heterozygous deletion that disrupts this composite element in a MonoMAC patient with phenotypes indistinguishable from those of patients harboring heterozygous coding region mutations. Our studies employing targeted deletion of the murine composite element indicate its essential role in conferring Gata2 expression in HSPCs and embryonic endothelium and establishing the fetal liver definitive HSPC compartment, and provide mechanistic insights into a novel GATA-2 function: to confer vascular integrity.
Results

Disruption of a conserved E-box-GATA composite element in a patient with mycobacterial infection and myelodysplasia.
A previously healthy woman of European descent had group C streptococcus bacteremia and osteomyelitis at 22 years of age. Subsequently, she had Mycobacterium tuberculosis bacteremia, granulomatous mediastinitis, and vulvar and cervical intraepithelial neoplasia. Peripheral blood counts revealed variable degrees of neutropenia and anemia, but a consistent major reduction in monocytes, B cells, and NK cells. Bone marrow at age 27 was myelodysplastic, with atypical hypolobulated megakaryocytes with separate nuclear lobes, non-necrotizing granulomata, but no clonality. The patient has received long-term therapy with GM-CSF and erythropoietin. The constellation of mycobacterial infection, HPV-related neoplasia, monocytopenia, B and NK cell cytopenia, and myelodysplasia is characteristic of MonoMAC syndrome (14) .
Unlike in prior MonoMAC patients (13, 14) , we failed to detect mutations in the GATA2 cDNA in this patient. We considered the possibility that mutations may have disrupted cis-elements that regulate GATA2 transcription. Conserved GATA switch sites residing upstream of the GATA2 promoter (-1.8, -2.8, and -3.9 kb) and in an intron (+9.5 kb) have been proposed to be determinants of GATA2 expression (26, 28, 41) . ChIP-sequencing (ChIPseq) analysis indicated that endogenous GATA-2 occupies these sites differentially in 3 human cell lines: K562 erythroleukemia cells, HUVECs, and SH-SY5Y neuronal cells ( Figure 1A) . Thus, the capacity of GATA-2 to occupy these sites differs in distinct cellular contexts. We sequenced these sites in the MonoMAC patient, and while sequences of the -3.9, -2.8, and -1.8 kb sites were identical to the wild-type sequence, the +9.5 site contained a heterozygous 28-bp deletion at c.572+512del28 ( Figure 1B ). This 28-bp deletion excised an imperfect GATA motif (GATAG), the E-box of the conserved composite element (CATCTG), and 5 bp of the 8-bp spacer between the E-box and the AGATAA motif ( Figure 1B ).
While it was not possible to obtain HSPCs from the patient, peripheral blood was used to analyze allelic expression in small numbers of monocytes and T cells. The two alleles were differentiated by the presence of a known SNP, rs34799090 (c.481C>G), in exon 4, which causes the amino acid change P161A. Co-inheritance of SNP rs34799090 with the +9.5 deletion in one of the patient's children confirmed that the SNP mapped to the same allele as the deletion ( Figure 1C ). cDNA quantitation revealed differential expression of the two alleles, with the G allele expressed at 54.3% and 58.3% of the C allele in monocytes and T cells, respectively ( Figure 1D ). By contrast, PCR analysis of the heterozygous genomic DNA revealed an equivalent amplification of the two alleles ( Figure 1D ). Although GATA-2 function in monocytes and T cells is not well established, the significantly reduced expression of the G allele (P < 0.0001) indicates that disruption of the +9.5 composite element reduces GATA2 expression. Analysis of bone marrow from a normal patient and the MonoMAC patient with the +9.5 kb site deletion by H&E and Wright-Giemsa staining revealed profound megakaryocytic dysplasia, in which megakaryocytes exhibited separated or detached nuclear lobes or were mononuclear ( Figure  1E ). Immunohistochemical analysis with anti-Factor VIIIvw highlighted the dysplastic megakaryocytic morphology ( Figure 1E ). The large dysplastic (osteoclast-like) megakaryocytes were commonly detected in the bone marrow of MonoMAC patients harboring GATA2 coding region mutations described previously (42) .
Prior studies indicated that alterations of the CA or TG bases of the E-box or truncations of the spacer severely impaired composite element enhancer activity in transfection assays (35) . The phenotype of the patient harboring the composite element disruption was indistinguishable from that of patients with heterozygous GATA2 coding region mutations (13, 14) . Importantly, sequencing over 400 alleles from normal patients did not reveal variation in the +9.5 kb region. We also identified 4 unrelated families with +9.5 site mutations that are transmitted with Mendelian genetics and are not SNPs or common variants (data not shown). These results suggest that the heterozygous mutation of the +9.5 kb site in MonoMAC reduces GATA2 expression in vivo.
The E-box-GATA composite element at the murine Gata2 locus is required for embryogenesis and vascular integrity. We used homologous recombination to delete the composite element from the ES cell genome and generated +9.5 +/and +9.5 -/mice ( Figure 2 , A-C). The NeoR cassette was excised in adults by breeding mutants to mice expressing Cre driven by cytomegalovirus regulatory elements. In the presence and absence of NeoR, no homozygous mutants were born (Table 1) , though heterozygous animals were present at the expected Mendelian ratio. Timed matings indicated that +9.5 -/embryos lacking NeoR die between E13.5 and E14.5. The critical requirement for embryogenesis distinguishes this GATA switch site from the previously studied -1.8 and -2.8 kb sites.
By E13.5, +9.5 -/embryos exhibited severe hemorrhaging (100% penetrance) with variable edema ( Figure 2D ). In contrast to Gata2 -/mice, which die at E10.5 (2), +9.5 -/mutants were not anemic, and their size was similar to that of wild-type embryos. Hemorrhages occurred at various sites, including subcutaneous sites in the trunk and the brain ( Figure 2E ).
To evaluate the mechanism of the vascular integrity defect, we conducted immunohistochemical analysis with anti-PECAM-1 antibody in transverse sections from multiple +9.5 +/+ and +9.5 -/-E13.5 embryos. This analysis revealed compromised venous endothelial cell barriers. The representative example of Figure  3 illustrates a discontinuous endothelial cell barrier, with blood cells residing both inside and outside of the vein. Serial analysis of transverse sections commonly revealed dilated veins (data not shown). By contrast, the organization of PECAM-1-positive endothelial cells in arteries and gross arterial architecture did not differ in +9.5 +/+ and +9.5 -/mutant embryos. Though knocking down GATA-2 impairs the capacity of human endothelial cells to organize into tubes in vitro and to develop retinal microvasculature (11), the Gata2 composite element was not required for vasculogenesis in the yolk sac and embryo proper. Gata2 -/mice were reported to exhibit normal yolk sac vasculogenesis (2) . Large GATA-2 target gene ensembles in human umbilical vein (43) and microvascular (44) endothelial cells indicate roles in vascular and inflammatory processes. Our results provide the first evidence to our knowledge for GATA-2 control of vascular integrity in vivo and definitive evidence for qualitative mechanistic differences in GATA switch site activities; the -2.8
and -1.8 kb site knockouts analyzed previously (29, 30) did not reveal vascular abnormalities.
Severe depletion of fetal liver HSPCs in +9.5 kb site mutant mice. Although +9.5 -/embryos are not overtly anemic and possess an abundance of nucleated primitive erythroblasts, we quantitated the erythroid differentiation potential of hematopoietic precursors in E8.0 yolk sacs by colony assay. After 5 days of culture in a methylcellulose-containing medium that supports the formation of primitive erythroid (EryP) colonies (45) , hematopoietic precursors from dissociated +9.5 -/yolk sacs generated EryP colonies indistinguishable in appearance ( Figure 4A ) and number ( Figure  4B ) from those of +9.5 +/+ or +9.5 +/littermates. Thus, primitive hematopoietic potential was not compromised by the +9.5 site mutation. However, examination of fetal liver hematopoiesis in E12.5 ( Figure 4D ) and 13.5 ( Figure 4C ) embryos revealed defects in morphology, cellularity, and function. The +9.5 -/fetal livers were considerably smaller ( Figure 4C ) (100% penetrance) and consisted of fewer cells than livers from wild-type littermates. The mutation strongly reduced (P < 0.002, +9.5 +/+ vs. +9.5 -/-) erythroid and myeloid colony-forming activity of fetal liver hematopoietic precursors ( Figure 4E ), as assayed in methylcellulose-containing growth factors that support multilineage hematopoietic differentiation. FACS analysis of E12.5-E13.5 fetal liver cells revealed strong depletion of Lin -Sca + Kit + and Lin -Kit + HSPC populations ( Figure 5 , A and D). These populations exhibited a significantly greater percentage of propidium iodide-positive (PI-positive) cells (12% vs. 24.8% for +9.5 +/+ and +9.5 -/-, respectively), indicating decreased cell viability ( Figure 5B ). The HSC population (Lin -Mac1 + CD41 -CD48 -CD150 + Sca + Kit + ) was undetectable in all but one outlier mutant, which had considerably lower levels than the wild-type samples ( Figure 5 , C and D). Given the reduced liver size, TER-119 + cells per liver decreased, but as a percentage of total fetal liver cells, TER-119 + cells were unaffected ( Figure 5 , A and D).
To test whether the large reduction in immunodetectable HSCs reflects the absence of functional HSCs in the mutant fetal livers, +9.5 +/+ , +9.5 +/-, and +9.5 -/-E12.5 fetal liver cells (CD45.2 + ) were competitively transplanted into lethally irradiated CD45.1 recipients at a 1:1 ratio with CD45.1 + wild-type competitor bone marrow cells. At 6 and 10 weeks after transplantation, CD45.2 + cells were not detected in peripheral blood of recipients transplanted with +9.5 -/livers, whereas the average contribution from +9.5 +/+ and +9.5 +/littermates at 6 weeks was 28.4% and 8.6%, respectively, and at 10 weeks it was 33.8% and 13.0%, respectively ( Figure  6A ). Though long-term repopulating activity was significantly reduced in the +9.5 +/versus +9.5 +/+ donors, HSCs from +9.5 +/+ and +9.5 +/donors contributed similarly to myeloid and lymphoid lineages in the peripheral blood at 6 weeks ( Figure 6B ). At 10 weeks, significant increases in CD45.2 + T cells (P = 0.042) and B cells (P = 0.012) were observed in recipients of fetal liver cell transplants from +9.5 +/donors versus +9.5 +/+ littermate controls.
The results in Figures 5 and 6 define the transcriptional mechanism responsible for establishment of functional erythroid and myeloid precursors in the fetal liver HSPC compartment. As the +9.5 -/embryos harbored abundant primitive erythroblasts, primitive hematopoietic precursor activity was normal, and EryP colonies generated in vitro were morphologically indistinguishable from wild-type colonies, the cis-element deletion uniquely impairs definitive, but not primitive, hematopoiesis.
GATA-2-dependent genetic network consisting of pivotal regulators of vascular remodeling and integrity. The profound phenotypes described above suggested that the +9.5 kb element regulates Gata2 transcription in vivo. Analyses of factor occupancy at GATA switch sites revealed correlations consistent with GATA-2-mediated positive autoregulation and GATA-1-mediated repression. Thus, the consequences of deleting the composite element were not predictable. Furthermore, ectopic GATA-2 upregulation may enhance or oppose a particular developmental process. GATA-2 overexpression can block both mouse (46) and human (47) hematopoiesis. Reduced GATA-2 expression may result in insufficient GATA-2 levels to support processes or may relieve a GATA-2-dependent inhibitory mechanism.
Since GATA-2 is expressed in multiple cell types, we asked whether the +9.5 kb element deletion altered Gata2 expression in all or select cell types and whether the mutation yielded qualitatively similar or distinct consequences in different target cells. We quantitated Gata2 expression in E12.5-E13.5 fetal liver, endothelial cells enriched with anti-PECAM-1 antibody-bound beads, and fetal brain ( Figure 7A ). Analysis of multiple embryos from identical and different litters revealed significantly reduced Gata2 expression in +9.5 +/versus +9.5 +/+ fetal liver (P = 0.006) and PECAM-1 + cells (P = 0.033) and a greater reduction (fetal liver, P = 0.0001; PECAM-1 + , P = 0.0001) in +9.5 -/vs. +9.5 +/+ embryos. Gata2 expression was significantly reduced in +9.5 -/embryos at multiple stages of fetal liver development (E11.5, E12.5, and E13.5) ( Figure 7B ). The molecular defects in the +9.5 +/embryos suggests that the human GATA2 haploinsufficiency dysregulates the GATA-2-dependent genetic Developmental genotypes for Δ+9.5(NeoR -) heterozygous and homozygous animals (+9.5 +/and +9.5 -/-, respectively) and genotypes for both +9.5(NeoR -) and +9.5(NeoR + ) at weaning. Values represent numbers of live and dead (parentheses) animals recovered at each developmental stage.
Figure 3
Vascular integrity defect in +9.5 -/-E13.5 mouse embryos revealed by PECAM-1 immunohistochemistry. Representative venous malformation (arrows, ×40 and ×100) and blood cell leakage (arrowheads, ×100) in a transverse section from a +9.5 -/mutant embryo. Blood cells reside both inside and outside the discontinuous endothelial cell layer.
network in definitive hematopoietic precursors. These results highlight how a cis-element confers expression of a cell type-specific gene in a subset of its target cell types in vivo. Given the strongly reduced Gata2 expression in PECAM-1-positive cells ( Figure 7A ), transcriptional profiling was conducted to gain insights into mechanisms underlying the vascular phenotype. This analysis revealed a restricted cohort of genes that were significantly downregulated in the mutant cells, and a smaller group of upregulated genes ( Figure 8A ). Gene ontology analysis indicated significant enrichments of genes involved in hemostasis/thrombosis and crucial aspects of endothelial cell function, including cell adhesion and motility ( Figure 8B ). Itgb3 and Fermt3 encode integrin β3 and the positive regulator of its activity kindlin-3. Targeted deletions of these proteins in the mouse demonstrate that they confer vascular integrity in vivo (48, 49) , and therefore we used real-time RT-PCR to verify the expression changes. Both Itgb3 and Fermt3 were significantly downregulated in the mutant PECAM-1 + cells ( Figure 8C Figure 8E ). In aggregate, the data indicate that GATA-2 directly regulates Itgb3/ITGB3 transcription. Though Fermt3 expression was dysregulated in +9.5 -/-PECAM-1 + cells ( Figure 8C) , and endogenous GATA-2 occupied FERMT3 in HUVECs ( Figure 8D ), knocking down GATA-2 in MAE cells did not influence Fermt3 expression (data not shown). The global gene expression analysis indicated that the cis-element deletion dysregulates multiple components of a GATA-2-dependent genetic network, including established regulators of vascular integrity and remodeling.
Discussion
Herein, we demonstrate that a Gata2 cis-element disrupted in an immunodeficiency patient with impaired hematopoiesis is crucial for conferring Gata2 expression in HSPCs and endothelium. These results establish the mechanism underlying GATA-2 expression in definitive HSPCs and embryonic endothelium and reveal a novel GATA-2 function to control vascular integrity (Figure 9 ). Importantly, mechanistic studies with our murine model revealed that the +9.5 kb site is absolutely required for establishment of the definitive fetal liver HSPC compartment, but not for the functionality of primitive hematopoietic precursors.
Genome-wide expression analyses provided evidence for a GATA-2/ integrin β3 regulatory axis ( Figure 9 ). As knockout of Itgb3 and Fermt3 in the mouse revealed their important functions in controlling vascular integrity (48, 49) , and FERMT3 knockdown in human endothelial cells disrupted integrin-dependent adhesion and tube formation (50) , one would predict that the simultaneous downregulation of both components would severely disrupt vascular integrity. The consequences of downregulating both components simultaneously have not been described, and importantly, integrin β3 and kindlin-3 have not been linked previously to GATA-2 function.
Given the crucial GATA-2 function of generating the definitive HSPC compartment in the fetal liver and conferring vascular integrity, we deemed this sequence a "master regulatory cis-element" that orchestrates essential biological processes (Figure 9 ). We are unaware of other cis-element knockouts that prevent the genesis of stem and/or progenitor cells and disrupt multiple developmental processes. Targeted deletion of a high-affinity GATA motif on the Gata1 promoter ablated eosinophils without disrupting embryogenesis (51) , while deletion of a GATA motif-containing upstream region at Gata1 (8-kb deletion) selectively reduced megakaryocyte gene expression and platelet counts (52) .
In conjunction with our prior genetic analyses (29, 30) , results obtained with the +9.5 -/mouse model provide strong evidence that different GATA factor binding regions at endogenous loci differ both quantitatively and qualitatively in their activities to control target gene transcription. Relative to the -2.8 and -1.8 kb sites (29, 30) , the +9.5 kb site exerts unique and exceptionally important functions. An obvious question is whether the +9.5 kb site is required for factor occupancy at other GATA switch sites, but given that deletion of these other sites does not yield devastating phenotypes, they are not required for critical +9.5 kb site functions.
What attributes endow the +9.5 kb site with its critical functions? Its unique features include intronic localization and the composite element. The precise sequence of the element occurs only once in the genome. Permitting sequence flexibility in the spacer revealed 797 composite elements, with the majority in introns (304 elements), 10-100 kb from genes (178 elements), and in deserts greater than 100 kb from genes (237 elements), with only 8 at promoters (Supplemental Table 1 ). Given this complex cohort of composite element-containing genes, the robust GATA-2 target gene ensemble in human erythroid (27) and endothelial (43, 44) cells, and the cohort of GATA-2 target genes described herein, it seems unlikely that the phenotypes of the +9.5 -/embryos reflect disruption of a simple epistatic relationship between GATA-2 and a single key target gene.
Strikingly, the +9.5 kb cis-element that we targeted in the mouse genome emerged as a heterozygous deletion in a MonoMAC patient ( Figure 1B) . Given the autosomal dominant heterozygous MonoMAC mutation, it is particularly instructive to consider the functional consequences of heterozygous +9.5 kb site mutations. +9.5 +/embryos were viable ( Figure 2D ) but had significantly reduced definitive hematopoietic stem/progenitor activity in the fetal liver ( Figure 4E and Figure 5 ) and significant molecular defects in the expression of Gata2 and its target genes in the fetal liver and in embryonic PECAM-1 + cells ( Figure 7A ). Prior studies indicated that Gata2 +/hematopoietic stem cells exhibit reduced long-term repopulating activity, although the heterozygous mutant mice are viable, and the adult animals are not overtly anemic (53, 54) . Given the molecular and cellular deficits in the +9.5 +/mice and the composite element disruption in a MonoMAC patient, it is attractive to consider the utility of our mutant mouse strain for testing whether pathogens detected in MonoMAC patients trigger the exhaustion of hematopoietic stem and/or progenitor cells, which would thus yield a novel model of myelodysplasia and/or leukemia.
Figure 6
Severe depletion of functional hematopoietic stem cells in +9.5 -/embryos. E12.5 fetal liver cells (CD45.2) from +9.5 +/+ , +9.5 +/-, and +9.5 -/littermates were transplanted into irradiated CD45.1 recipient mice at a 1:1 ratio with CD45.2 + bone marrow cells. Peripheral blood was analyzed by flow cytometry 6 and 10 weeks after transplantation. (A) CD45.2 + cells in recipient mice expressed as percentage of total live nucleated cells. Data are presented as mean ± SEM. The contribution from +9.5 +/and +9.5 -/donors was significantly reduced compared with +9.5 +/+ littermates as indicated (*P < 0.05). (B) The contribution of +9.5 +/+ and +9.5 +/donor-derived CD45.2 cells to peripheral blood monocytes (Mac1 + Gr-1 -), granulocytes (Mac1 + Gr-1 + ), T cells (Thy1.2 + ), and B cells (CD19 + ). At 10 weeks, significant increases in CD45.2 + T cells (P = 0.042) and B cells (P = 0.012) were observed in recipients of fetal liver cell transplants from +9.5 +/donors compared with +9.5 +/+ littermate controls. Similar results were obtained in an additional transplantation experiment using 150,000 live nucleated fetal liver cells and 300,000 bone marrow cells (data not shown)
In summary, despite a plethora of GATA motifs at the GATA2 locus and prior knockouts of Gata2 GATA motifs without associated lethality or devastating phenotypes, our analysis pinpointed a single cis-element required for Gata2 expression in the fetal liver and embryonic endothelial cells. The cis-element was essential for establishment of the definitive HSPC compartment in the fetal liver and for conferring vascular integrity. A heterozygous disruption of this element in a MonoMAC patient lacking GATA2 coding region mutations provides additional evidence for the crucial functions of the +9.5 composite element. In contrast to the Gata2 knockouts (2) -which die at E10.5 of severe anemia but do not exhibit vascular phenotypes -our model permits several days of subsequent embryonic development, which revealed novel GATA-2 functions. The dual hematopoietic and vascular phenotypes offer a particularly attractive system for future studies to establish principles of how master regulatory cis-elements function at endogenous loci and to further model the functional consequences of changes in GATA2 expression/activity that characterize specific human pathologies.
Methods
Human genetic analysis. The patient was diagnosed previously with the clinical and laboratory syndrome of MonoMAC. Genomic DNA was extracted from an EBV-transformed lymphoblastoid cell line (Gentra Puregene DNA isolation kit, QIAGEN). Primers for exons and flanking splice sites of human GATA2 were designed using Primer Select (DNAstar Lasergene) and are listed below. Genomic amplification was performed with Platinum PCR Supermix High Fidelity (Invitrogen) using 5% DMSO, and 35 rounds of 96°C for 20 seconds, then 68°C extension for 3 minutes. Samples were treated with ExoSAP (USB), and 1 μl of the resulting product was used in sequencing reactions. Sequencing was performed using BigDye Terminators v3.1 (Applied Biosystems), purified with a Performa DTR short well plate kit (Edge Biosystems), analyzed on an Applied Biosystems 3730XL sequencer, and aligned to the consensus sequence NM_001145661.1 plus 6 kb upstream using Sequencher software (Gene Codes Corp.).
PBMCs were isolated using a Ficoll gradient. The granulocyte-containing pellet was used to isolate RNA. PBMCs were washed in Dulbecco's PBS and resuspended in Hank's calcium-and magnesium-free balanced salt solution, supplemented with 0.2% bovine serum albumin. PBMCs were stained at 4°C with CD3-FITC, CD19-allophycocyanin (CD19-APC), CD56-phycoerythrin (CD56-PE) (BD Biosciences -Pharmingen), and CD14-PE-Cy7 (eBiosciences) for 20 minutes, washed in ice-cold azidefree FACS buffer, resuspended at approximately 20 million cells/ml, and filtered. Populations were sorted on a BD Influx cell sorter (BD Biosciences) at 40 psi using a 70-μm nozzle to isolate monocytes (SSC hi , CD14 + ) and CD3 + T cells (SSC lo , CD3 + ). RNA was isolated from CD14 + and CD3 + samples using RNeasy Mini columns (QIAGEN). RNA was not isolated from CD19 + (B cells) and CD3 -CD56 + (NK cell) samples because there was insufficient material. Monocyte and T cell RNA was reverse transcribed using Superscript III First Strand synthesis system (Invitrogen). Half of the CD3 + cells were lysed, and DNA was isolated using a Gentra Puregene DNA isolation kit. cDNA was amplified by PCR in an ABI 7500 Real-Time PCR System using Taqman SNP genotyping assay for exonic SNP rs34799090 (Applied Biosystems). Genomic DNA from the patient was used as the heterozygous normalization control. Data were analyzed using the 2 -ΔΔCT method and results expressed as mean relative expression of the minor (G) versus the major (C) allele.
Generation of Gata2 Δ+9.5 mutant mice. A 46-bp region containing the Gata2 intronic E-box WGATAR composite element was replaced with a LoxP-PGKneo-LoxP cassette via homologous recombination. The targeting vector consisted of 4.2-kb and 4.1-kb homology arms flanking the +9.5 element, which were cloned into the targeting vector pfloxA2 (Figure 2 ). Gene-targeted CJ9 ES cell clones were screened by PCR using primers flanking the homology arms in combination with primers annealing within the NeoR cassette to identify appropriately recombined alleles. Tar-
Figure 7
Context-dependent mechanism underlying Gata2 transcription in vivo. (A) Total RNA was isolated from E12.5-E13.5 liver, endothelial cells, and brain. Gata2 mRNA was quantitated by real-time RT-PCR and normalized by 18S rRNA levels. Each symbol represents the expression level in a particular embryo, and multiple litters: for liver, 2 litters (7 WT, 8 +9.5 +/-, 5 mutant); for brain, 3 litters (6 WT, 10 +9.5 +/-, 4 mutant) were analyzed. Mean and SEM are represented by long and short horizontal bars, respectively. For all cases except brain, Gata2 expression was significantly lower in mutant versus wild-type samples (+9.5 +/+ vs. +9.5 -/-, P < 0.0001; +9.5 +/+ vs. +9.5 +/-, P < 0.04; +9.5 +/vs. +9.5 -/-, P < 0.03). (B) Analysis of Gata2 expression in +9.5 +/+ vs. +9.5 -/fetal livers from embryos at the indicated developmental stages (+9.5 +/+ vs. +9.5 -/-, *P < 0.008). from E12.5 embryos were plated in duplicate in Methocult M03434 complete medium (Stemcell Technologies) at a density of 2 × 10 4 cells per 35-mm plate. Plates were incubated for 12 days according to the manufacturer's recommendation, and colonies were identified and counted using an Olympus SZX16 stereomicroscope.
Figure 8
Flow cytometry. Fetal liver cells from E12.5 individual embryos were resuspended in PBS with 2% FBS and passed through 25-μm cell strainers to obtain single-cell suspensions prior to antibody staining. Surface proteins were detected with FITC-conjugated antibodies B220 (RA3-6B2), CD3 (no. 145-2C11), CD4 (no. 11-0041), CD5 (no. 53-7.3), CD8 (no. 11-0081-86), CD41 (no. 11-0411), CD48 (no. 11-0481), Gr-1 (RB6-8C5), and TER-119 (no. 11-5921-85); PE-conjugated antibodies CD71 (R17217), CD150 (115904, Biolegend), and Sca-1 (E13-161.7); PE-Cy7conjugated Mac1 (no. 25-0112); PerCP-Cy5.5-conjugated Sca-1 (no. 45-5981); and allophycocyanin-conjugated (APC-conjugated) c-Kit (2B8) antibodies. Lineage markers were stained with FITC-conjugated B220, CD3, CD4, CD5, CD8, Gr-1, and TER-119 antibodies. All antibodies were purchased from eBiosciences unless otherwise stated. The stained cells were collected on a FACSCalibur flow cytometer (BD Biosciences), except fetal liver HSCs (Lin[CD3,CD4,CD5,CD8,B220,TER-119,Gr-1] -CD41 -CD48 -Mac1 + CD150 + Kit + Sca + ) (55, 56) , which were analyzed on a LSR II flow cytometer (BD Biosciences). The data were analyzed using FlowJo v9.0.2 software (TreeStar).
Transplantation of fetal liver cells. Adult C57BL/6 recipient mice (CD45.1 + , 6-8 weeks old; NCI) were lethally irradiated with a cesium source for a single dose of 10 Gy. Fetal liver cells were harvested from individual E12.5 embryos (CD45.2 + ) and combined based on their genotypes. A total of 150,000 live nucleated fetal liver cells were mixed with same number of CD45.1 + bone marrow cells and injected into individual irradiated CD45.1 + recipients. The transplant recipient mice were maintained on trimethoprim/sulfamethoxazole-treated water for 2 weeks. Blood was obtained from the retro-orbital venous sinus regularly after transplantation and analyzed using flow cytometry for donor-derived hematopoiesis as described previously (57) .
Gene expression analysis. Gene expression was measured by quantitative RT-PCR of RNA extracted from hematopoietic (fetal liver), neuronal (brain), and endothelial (PECAM-1-positive) tissues and converted to cDNA. Brains were isolated with surrounding tissue by microdissection of the head above the eyes. For endothelial cells, individual embryos lacking livers and hearts were subjected to 1-hour collagenase (2 mg/ml) digestion at 37°C to obtain single-cell suspensions. PECAM-1-expressing cells were isolated by positive selection using Dynabeads sheep anti-rat IgG (Invitrogen) coated with rat anti-CD31 (clone MEC 13.3, BD Biosciences -Pharmingen) according to manufacturer's recommendation. Isolated geting was confirmed by Southern blotting. Chimeric mice were generated by blastocyst injection, and F1 pups were screened for germline transmission by PCR. NeoR was excised by mating animals to mice of the CMV-Cre-expressing strain B6.C-Tg(CMV-cre)1Cgn/J (Jackson Laboratory). Cremediated excision of NeoR in the progeny was confirmed by PCR using primers flanking the targeted sequence.
Preparation of mouse embryos and tissues. Staged embryos were obtained from timed matings of Gata2 Δ+9.5 heterozygotes. Pregnant females were euthanized with CO2, and the uterus was removed into IMDM containing 10% FBS. Embryo viability was scored by the presence of a beating heart. Fresh embryos were photographed prior to fixation or dissection. Fresh tissues and organs were harvested in cold PBS for RNA extraction or in IMDM containing 10% FBS for flow cytometry. Fixed (4% paraformaldehyde for 24-48 hours), paraffin-embedded embryos were sectioned to a thickness of 5 μm and H&E stained.
Immunohistochemical analysis. For PECAM-1 staining, embryos were fixed 48 hours at 4°C in zinc fixative (100 mM Tris; 36.8 mM zinc chloride; 22.8 mM zinc acetate dihydrate; 2.8 mM calcium acetate monohydrate; pH 6.8). Paraffin-embedded 0.6-μM sections were cleared in Citrisolv (Fisher Scientific) and rehydrated, and endogenous peroxidase activity was blocked in 3% hydrogen peroxide for 20 minutes. Sections were blocked with 10% goat serum in PBS, 0.5% Tween-20 for 1 hour at 25°C. Detection of PECAM-1 was performed with 1 μg/ml rat anti-CD31 (553370, BD Biosciences -Pharmingen) in PBS, 0.1% Tween-20 (PBST) for 1 hour at 37°C, followed by 2.5 μg/ml biotinylated goat anti-rat IgG (BA-9401, Vector Laboratories) in PBST for 1 hour at 25°C and Vectastain Elite ABC-HRP (PK-6100, Vector Laboratories) for 45 minutes at 25°C. Visualization was performed with the ImmPACT DAB substrate kit (SK-4105, Vector Laboratories). Sections were counterstained with Harris hematoxylin (Fisher Scientific) prior to mounting. Human bone marrow samples were analyzed by H&E staining, Wright-Giemsa staining, and immunohistochemistry as described previously (42) .
Colony assays. For EryP colony assays, individual E8.0 embryos/yolk sacs were digested in 0.02% trypsin at 37°C for 5 minutes, followed by mechanical disruption by passage through a 25-g needle. 15% of each sample was reserved for genotype analysis, and the remaining cells were cultured in IMDM-based plating medium containing 1% methylcellulose (M3134, Stemcell Technologies), 10% plasma-derived serum (Animal Technologies), 5% protein-free hybridoma medium (PFHM-II, Invitrogen), 1% penicillin/streptomycin (Mediatech), 2 mM glutamine (Mediatech), 12.5 μg/ml ascorbic acid (Sigma-Aldrich), 600 μM 1-thioglycerol (Sigma-Aldrich), and 2 U/ml human erythropoietin (Amgen) as previously described (45) . Cultures were maintained humidified at 37°C, 5% CO2 for 5 days prior to counting of EryP colonies. For fetal liver colony assays, dissociated cells
Figure 9
Master regulatory activity of the +9.5 kb cis-element to establish the fetal liver HSPC compartment and vascular integrity. Genetic ablation of the E-box-GATA composite element, which is disrupted as a heterozygous mutation in a MonoMAC patient, severely impaired hematopoiesis and mechanisms that confer vascular integrity. This element is therefore a critical mechanistic determinant of endogenous Gata2 expression in vivo in important target tissues, and its integrity is essential for opposing hematologic disorders. samples, differences between groups were assessed by 1-way ANOVA Dunnett test comparing columns to the genomic sample. A P value less than 0.05 was considered significant.
Study approval. All animal experiments were conducted with the ethical approval of the International Association for Assessment and Accreditation of Laboratory Animal Care at the University of Wisconsin-Madison. All patient samples were collected with written informed consent under a protocol approved by the NIH.
